Introduction
Mesenchymal stem cells (MSCs) are now routinely used in clinics to treat overstrain injury of equine tendons, following establishment of a protocol (Smith 2003; Frisbie 2010 ) and demonstration of treatment efficacy (Godwin 2012) . To what extent their therapeutic effect is as a result of subsequent in situ differentiation and how much is due to paracrine activity is unclear. MSCs can adhere to equine tendon surfaces in vitro and to migrate into the tendon extracellular matrix (ECM) (Garvican 2014) . Cell-ECM interactions have been shown to effect changes in cell behaviour including migration, proliferation, differentiation, survival and quiescence (Behonick 2003) but the impact of the tendon matrix on implanted MSCs is not known.
Adherence of cells to the ECM is a result of complex cellular interactions mediated by specific transmembrane receptors of which the integrin family are most abundant (Garcia 2005 ) and important (Hidalgo-Bastida 2010) . Functional ECM contacts are thought to be essential for survival, proliferation and differentiation (Linsley 2013) . Integrins play a vital role in this interaction (Schwartz 2008 ) which may ultimately dictate cellular fate (Nho 2005; Salasznyk 2007 ). Cell adhesion to fibrillar collagens is mediated by the α1β1 and α2β1 integrins (Morimichi 2000) . The most abundant protein in tendon is collagen type I and cellseeded collagen I scaffolds have been used for the repair of tendon injuries (Awad 2000; Cao 2002; Beitzel 2014; Mathieu 2014) . Another abundant ECM protein involved with cell adhesion is fibronectin which binds to cells via integrins α5β1 and α2β3. It is found primarily in the endotenon and in sites of tendon injury (Harwood 1998) and may play an important role in the recruitment of progenitor cells to lesion sites as well as potentially enhancing matrix production through up-regulation of fibrillogenesis (Mao 2005 ).
ECM proteins have been shown to regulate MSC behaviour by modulating both endogenous and exogenous growth factor stores (Bi 2005; Chen 2004 ). Cellular differentiation is highly dependent on external stimuli and the presence of extracellular matrix (ECM) proteins can influence the differentiation status, (Mauney 2004; Salasznyk 2004; Mauney 2005) proliferative response (Kantlehner 2000; Hashimoto 2006 ) and morphology (Allen 2006 ) of cells cultured in vitro. In particular, the use of ECM proteins as a substrate on which to culture human MSCs has shown that specific lineage differentiation can be enhanced by the presence of certain proteins (Klees 2004) .
While MSCs are cultured frequently in 2D culture, they are known to behave differently in 3D culture. Adoption of a 3D culture system, more analogous to that found in vivo, may enable maintenance or enhancement of desirable cell characteristics. Evidence suggests that although gross effects of ECM culture on cell characteristics are non-specific (Marinkovic 2015 ) the presence of components of the particular cellular "niche" may be critical for the initiation of more sophisticated cellular attributes.
The aim of this study was to explore the effect on MSC behaviour of individual tendon ECM proteins which have relevance for the development of cell and cell-scaffold implants for tendon therapy. The interaction of MSCs with components of the ECM is likely to have a profound effect on both cellular mechanism of action and retention. We hypothesised that the addition of specific tendon extracellular matrix proteins which contribute to the formation of the tenocyte niche, would alter MSC phenotype manifested by changes in proliferation, morphology, gene expression, adhesion characteristics and cell-surface antigen expression.
This influence was then compared with the behaviour of differentiated tendon derived cells (TDCs) on identical matrices.
Materials and Methods

Isolation of cells
The collection of equine tendons at post mortem or from a local abattoir was carried out under approval from the Ethics and Welfare Committee at the Royal Veterinary College (URN 2013 (URN 1230 (URN R 2005 . No horses were euthanised for the sole purpose of obtaining tissues for this study. Macroscopically normal superficial digital flexor tendons (SDFT) were aseptically harvested from skeletally mature horses (age 4 -10 years) euthanised for reasons other than orthopaedic disease, finely diced and digested with pronase (1% w/v) for 1 h, then collagenase (0.5% w/v; Worthingtons, UK) for 18 h. Cells were recovered following straining of the digest through a 70 µm filter and centrifugation, and seeded in culture flasks at 5,000 cells/cm 2 . Cells were expanded in culture in D10 medium (Dulbecco's Modified
Eagle Medium, supplemented with fetal bovine serum (FBS, 10% v/v), 100 U/mL penicillin, and 100 U/mL streptomycin (all from Invitrogen, Paisley, UK)). Cells between passage 0 and 2 (P0 to P2) (Goodman 2004) were re-suspended in cell freezing medium (90% FBS, 10% DMSO) and stored in liquid nitrogen until use. Cells of the same passage number were used in each paired 2D and 3D experiment. Equine bone marrow-derived mesenchymal stem cells (MSCs) used in this study were derived from surplus stocks used to treat clinical cases of overstrain SDFT injury examined at the Royal Veterinary College, for which MSC trilineage differentiation capacity was determined . Cells chosen for use were obtained from horses aged 4 -10 years of age and stored frozen, as before, until use.
2D culture systems
Glass coverslips (VWR International, Dorset, UK) were cleaned with 70% ethanol and sterilised by autoclaving prior to coating with matrix proteins or cells (Inoue 2005) .
Thermanox plastic coverslips (VWR International, Dorset, UK) used as plastic controls, were supplied pre-sterilised. Glass coverslips were coated with either purified ECM proteins (collagen I, fibronectin (Roman 2004) ) or poly-L-lysine) or left uncoated to act as controls. It should be noted that serum proteins within the cell culture medium (D10) will adsorb to glass and plastic surfaces, thus the uncoated coverslips cannot be considered totally devoid of protein (Brodkin 2004 ). Poly-L-lysine was selected over poly-D-lysine as the latter has been reported to cause a significant decrease in the proliferation rate of human MSCs when compared to poly-L-lysine and ECM proteins (Qian 2004) . Cells (n=3 horses) were seeded onto coverslips at a concentration of 60,000 cells/cm 2 and cultured for 24 or 72 h.
Photomicrographs were taken to evaluate differences in morphology (Olympus BX60F5 microscope and QICAM FAST 1394 digital camera, QImaging).
3D culture systems
Hydrogels: MSCs and TDCs (both n=3 horses) were suspended in 1 mL of 10% sucrose (in Tissue culture grade water) at a concentration of 1×10 6 cells/mL. Aliquots of 20 µL cell suspension were then added to 40 µL of 1% Puramatrix (BD Biosciences, Bedford, UK) to
give a final concentration of 2 x 10 4 cells in each hydrogel (recommended by the manufacturer). Hydrogels were prepared as detailed in Table 1 ; components were combined within a 1 mL syringe, left to set at room temperature for 1 h then transferred into 24-well plates. Collagen I (1% w/v, Sigma-Aldrich, Dorset, UK) was supplied dissolved in acetic acid (SDFT) that had undergone repeated freeze-thaw cycles and therefore contained no viable cells (Dudhia 2007) . Longitudinal sections of 75 µm and 10 µm thickness were cut in a cryostat (Bright Instrument, Huntingdon, UK) and immediately placed into sterile PBS.
These dimensions were previously determined to balance explant integrity and prevent tears during handling whilst also being thin enough to allow nutrient diffusion within the explant.
Sections were then sterilised in 70% ethanol for 90 minutes before rehydrating for 2 h in PBS containing 1% Fungizone (Gibco, Paisley, UK) and 1% penicillin and streptomycin (PAA, Somerset, UK) and 10 -12 NNTs placed in a 12-well suspension culture plate in 2.5 mL D10
containing 4 x 10 6 MSCs or TDCs (per NNT). Cells were allowed to adhere to the tissue for 18 h (Garvican 2014) . The D10 was then discarded and NNTs washed with D10 to remove loosely adherent cells, then placed in a new 12-well plate (1 explant per well with 2 mL D10 per well) and cultured for 7 or 14 days to allow migration of cells into the matrix (Garvican 2014 ). On conclusion of the culture period, explants were frozen at -80 ºC, homogenised with a Braun Mikrodismembranator (Sartorius, Epsom, UK) and stored in Trizol reagent (0.5 mL per NNT) at -80ºC.
spectrophotometer (Spectramax 250, Molecular Devices Ltd, Berkshire, UK). Cell proliferation on NNTs has previously been reported (Garvican 2014) .
Cell adhesion assay
Pre-coated coverslips were incubated with 0.5mL containing 120,000 cells (n=3 horses; density 60,000 cells/cm 2 ) and incubated for 15, 30, 45 or 60 minutes before washing with D10 (two washes with 500 µL D10, flow rate 3 mL/minute). Resultant monolayers were fixed with 4% paraformaldehyde and stained with Haematoxylin for cell counting and the percentage of cells adhered was calculated using image analysis software (Image-Pro Plus 5, Media Cybernetics, Berkshire, UK.).
Gene expression
Total cellular RNA was isolated from hydrogel or NNT preparations (n=3 horses) using RNeasy minicolumns and reagents (Qiagen Ltd., Crawley, Surrey, UK). Residual DNA contamination was removed by performing an on-column DNAse digestion using an RNaseFree DNAse kit (Qiagen Ltd). The quality and quantity of RNA eluted from the column was assessed by spectrophotometry (260 nm). cDNA was synthesized using the RNA as template with the Superscript first-strand synthesis system for RT-PCR (Invitrogen, Paisley, UK).
Aliquots of cDNA were amplified by polymerase chain reaction (Opticon II DNA engine thermocycler, MJ Research Inc, Massachusetts, USA), using gene specific primers (Table 2) in a 25 µL reaction volume with a SYBR ® Green Core kit for detection (Eurogentec, Seraing, Belgium). Relative expression levels were normalized with GAPDH and calculated with the 
Integrin-mediated cell binding assays
MSCs and TDCs (n=3 horses) were detached from the substrate using trypsin-EDTA and maintained in suspension at 2 ×10 5 cells/mL of D10 at 37˚C (humidified 5% CO 2 and air) for 2 h to allow for re-expression of integrins that may have been cleaved from the cell membrane by trypsin. Cultures were gently agitated to minimise cell aggregation. Cyclic RGD (Peptides International, Kentucky, USA) at concentrations 0.01, 0.1, 1 and 10µM, cyclic RAD (analogue peptide sequence; Peptides International, Kentucky, USA) at 10 µM or β1 integrin antibody (BD Biosciences, Bedford, UK) at 1µg/mL were then added to the cell suspensions. After 15 minutes incubation, 0.5 mL of each suspension was seeded onto precoated coverslips (contained with a 24 well plate) and incubated for a further 45 minutes. Cell adhesion was evaluated as above and total cell numbers assessed using methylene blue dye staining (Dent 1995) .
Statistical analysis
Where necessary, data were normalised, prior to parametric statistical analysis. A Student's ttest (paired or unpaired) was used to compare means, or an analysis of variance (ANOVA) with a Bonferroni post hoc test (for data with more than two groups) was performed using PASW software (version 14.0). No statistical interpretation was performed when data was presented as a ratio.
Results
Morphology and viability of cells on different substrata
2D culture: Both MSCs and TDCs exhibited cell morphologies that were small and rounded or flattened on glass and on poly-L-lysine surfaces (Figure 1 a, b , i, j) compared to growth on Thermanox and collagen type I surfaces where the morphology was characteristically elongated and spindle-shaped with long cell processes (Figure 1c, d , e, f). In contrast, while
MSCs grown on fibronectin were small and rounded, TDCs were more elongated and formed denser cultures on this substrate (Figure 1 g, h) . 
Cell proliferation
2D culture: MSCs and TDCs proliferated on all substrata studied, with proliferation rates peaking by 48 h (Figure 4a,b) . Reduced rates at 72 h may have been due to cell confluency resulting in contact inhibition of further proliferation. MSCs cultured on collagen type I and poly-L-lysine exhibited a significantly higher proliferation rate (p ≤ 0.01) than those on untreated coverslips after 48 h (Figure 4c ). TDCs exhibited a significantly greater proliferation rate compared to MSCs for all time points (p < 0.001), consistent with the faster growth rates observed on plastic surfaces, but substrata did not significantly affect TDC proliferation rate (Figure 4b ).
3D culture: MSCs proliferated at a significantly greater rate in fibronectin hydrogels compared to control hydrogels (p < 0.02, Figure 4d ) and at a significantly greater rate in hydrogels compared to 2D cultures (p < 0.05, data not shown). There were no significant differences in proliferation between TDCs in 2D and 3D culture (data not shown). 3D culture: Hydrogels: The ratios of Col I, III and decorin mRNA expression in MSCs cultured in the collagen type I hydrogel increased 30-fold, 28-fold and 16-fold respectively when compared to both control and fibronectin hydrogels (Fig 5a) . MSCs cultured in fibronectin hydrogels expressed 15-fold more osteopontin. COMP mRNA was highly expressed in MSCs in all hydrogels but there were no significant differences between the ECM-supplemented hydrogels and the control. COMP mRNA expression by TDCs was 16-fold greater in fibronectin hydrogels (Fig 5b) .
Gene Expression
3D culture: ANTs: After 7 days of culture on ANTs, there were significant differences between MSCs and TDCs in the expression levels of aggrecan (p<0.05), tenomodulin (p<0.001) and Sox-9 (p < 0.001, Figure 5c ), all of which were greater in MSCs that TDCs, but by 14 days of culture, no significant differences remained (Figure 5d ).
Immunocytochemistry (2D)
MSCs and TDCs cultured on all substrates stained positive for vinculin which was writing of this manuscript or in the decision to submit for publication.
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